The tumor suppressor gene p53 encodes a transcriptional activator that has two transactivation domains (TAD) located in its amino terminus. These two TAD can transactivate genes independently, and at least one TAD is required for p53 transactivation function. The 1st TAD (a.a. 1-40) is essential for the induction of numerous classical p53 target genes, while the second TAD (a.a. 41-61) suffices for tumor suppression, although its precise molecular function remains unclear. In this study, we comprehensively identified the sites to which p53 lacking the 1st TAD (Δ1stTAD-p53) binds, as well as its potential target genes. We found that the binding sequences for Δ1stTAD-p53 are divergent and include not only the canonical p53 consensus binding sequences but also sequences similar to those recognized by a number of other known transcription factors. We identified and analyzed the functions of three Δ1stTAD-p53 target genes, PTP4A1, PLK2 and RPS27L. All three genes were induced by both full-length p53 and Δ1stTAD-p53, and were dependent on the transactivation activity of the 2nd TAD.
| INTRODUC TI ON
The tumor suppressor gene p53 is one of the most frequently mutated genes in human cancer and encodes a transcriptional activator that induces a number of genes involved in tumor suppression. It is believed that this transactivation function mediates its tumor suppression function, thereby maintaining the integrity of the cell. 1, 2 The p53 protein may be divided into three functional domains: the amino (N)-terminal domain, the central core DNA-binding domain and the carboxy-terminal domain. 3, 4 The N-terminal domain is required for p53 the transcriptional activity and consists of two transactivation domains (TAD) and a proline-rich domain. These two TAD can transactivate genes independently, and at least one of the two TAD is required for p53 transcriptional activity. 5 One of the reported p53 isoforms is p47, which is an N-terminally deleted isoform whose translation initiates at an internal start codon at amino acids 40 or 44, and, therefore, lacks the 1st TAD. [6] [7] [8] [9] [10] [11] [12] This isoform is also referred to as p44, p53/p47, ΔΝp53, Δ40p53 or Δ1stTAD-p53, the last of which is the designation we use in this manuscript. This isoform was the first identified isoform of p53 and is produced by alternative translation or splicing. [7] [8] [9] [10] [11] The existence of an endogenously expressed p53 lacking the 1st TAD raises the possibility that this protein has a specific endogenous role in tumor suppression.
Overexpression of Δ1stTAD-p53 results in the induction of apoptosis under basal conditions and induces G2 arrest under endoplasmic reticulum (ER) stress conditions, both in a manner dependent on the transcriptional activity of the protein. 13, 14 Studies using genetically engineered mice have shown that the activity of the 1st TAD (mapped within a.a. 1-40) is essential for the induction of numerous classical p53 target genes, cell cycle arrest and apoptosis, while the activity of the second TAD (mapped within a.a. 41-61) suffices for the induction of senescence and tumor suppression. 15, 16 In addition, transgenic mice overexpressing Δ1stTAD show phenotypes of premature aging and growth suppression. 17 Furthermore, expression of Δ1stTAD-p53 is correlated with better survival in sporadic cancer patients, consistent with its ability to induce apoptosis and to transactivate its target genes. 18 Previously, we and others have reported that the patterns of p53 target gene induction are different between full-length p53 (FL-p53) and Δ1stTAD-p53. 7, 12, 18 In addition, it has been reported that the transactivation functions of FL-p53 and Δ1stTAD-p53 differ due to their recruitment of different coactivators: p300 and TAF1. [18] [19] [20] These data collectively demonstrate that Δ1stTAD-p53 exerts its tumor-suppressive activity through the transcriptional activation of its target genes. However, there has been no comprehensive and/ or detailed analysis of Δ1stTAD-p53 binding sequences or target genes.
In this report, we identified binding sites and genes targeted by Δ1stTAD-p53 using microarray expression analysis, ChIP-seq and ChIP-chip analysis. We next analyzed the functions of three Δ1stTAD-p53 target genes, PTP4A1, PLK2 and RPS27L. All three genes were induced by both FL-p53 and Δ1stTAD-p53, and two of them (PTP4A1 and PLK2) were found to be ER stress-inducible genes. We also found that following ER stress, PTP4A1 suppresses apoptosis while PLK2 functions in the induction of apoptosis. These results reveal a novel Δ1stTAD-p53 downstream pathway that is dependent on the transcription activation activity of the 2nd TAD.
| MATERIAL S AND ME THODS
For further detailed experimental procedures, please see Appendix S1 Supplemental Materials and Methods.
| Western blotting analysis
Cells were lysed in lysis buffer containing 50 mmol/L Tris-HCl (pH 8.0), 1% NP40, 250 mmol/L NaCl, 50 mmol/L NaF, 1 mmol/L Na 3 VO 4 , 1 mmol/L protease inhibitor (PMSF, aprotinin and leupeptin) and 1 mmol/L DDT. Whole-cell lysates were subjected to protein quantification and analyzed by western blotting.
| Construction of recombinant adenovirus expressing Δ1stTAD-p53, PLK2 and PTP4A1
Recombinant adenovirus constructs were made as described previously 21, 22 using the Adenovirus Expression Vector Kit (Dual Version) and adenovirus genome DNA-TPC (TaKaRa) kit.
| Reverse transcription and real-time PCR
RNA was prepared using an RNeasy Mini Kit (QIAGEN) or total RNA Extraction Kit (RBC Real Genomics). Reverse transcription was carried out as previously described using total RNA (0.5-1 µg). 23, 24 Reverse-transcribed cDNA were analyzed as previously described. 23, 24 3 | RE SULTS
| Comprehensive analysis of binding sites and genes induced by Δ1stTAD-p53
As shown in Figure S1 , HCT116 p53 −/− cells are derived from HCT116 p53 +/+ cells by replacing the p53 initiation Met located in exon 2 with the initiation Met of the neomycin or hygromycin resistance gene. As a result, expression of FL-p53 is lost while that of Δ1stTAD-p53 is retained in these cells. 11, 14 It has been reported that the same gene targeting was performed against RKO p53 +/+ cells and RKO p53 −/− cells express Δ1stTAD-p53 but not FL-p53. 18 As shown in Figure 1A -C, FL-p53 expression was mainly detected in HCT116 p53 +/+ cells, while strong expression of Δ1stTAD-p53 was detected in HCT116 p53 −/− cells. We also found that the size of endogenously expressed Δ1stTAD-p53 in HCT116 p53
−/− cells completely matched the size of ectopically expressed
Δ1stTAD-p53 (data not shown). Expression of these two variants can be distinguished by the polyclonal anti-p53 antibody FL393, which recognizes various regions of p53, and the monoclonal anti-p53 antibody DO-1, which recognizes a.a. 20-25 of p53 ( Figure 1A ).
It has been reported that Δ1stTAD-p53 expression is upregulated upon cytotoxic stress. 11, 14 As shown in Figure 1B ,C, nutrient deprivation (FBS or Ser/Gly deprivation) or ER stress (thapsigargin, TG treatment) had little effect on FL-p53 levels but resulted in elevated Δ1stTAD-p53 expression levels. We further subjected HCT116 p53 +/+ and −/− cells to serum deprivation for 24 and 48 hours and observed that FL-p53 levels were slightly decreased while Δ1stTAD-p53 levels were increased ( Figure 1D ).
To comprehensively identify Δ1stTAD-p53 binding sites, we performed ChIP-seq analysis using the polyclonal anti-p53 antibody FL393 in HCT116 p53 −/− cells. To enhance our detection of Δ1stTAD-p53 binding sites, we subjected cells to serum deprivation, which upregulates Δ1stTAD-p53 expression. These results were compared to the previous results obtained by ChIP-seq analysis using the anti-p53 antibody FL393 in HCT116 p53 +/+ cells treated with fluorouracil (5-FU). We identified 7349 regions as potential FL-p53 binding sites (in 5-FU-treated HCT116 p53 +/+ cells) and 4737 regions as potential Δ1stTAD-p53 binding sites (in FBS-deprived HCT116 p53 −/− cells; Figure 1E ). Among these, 1671 regions were common to both FL-p53 and Δ1stTAD-p53.
We next analyzed these binding sequences by motif analysis using HOMER software. The p53 binding motif was identified as the most common motif among de novo motifs: it was found in 52.5% of the binding sites common for both FL-p53 and Δ1stTAD-p53 ( Figure 1F ), and in 62.6% of the binding sites for FL-p53 only ( Figure 1G ). However, the Δ1stTAD-p53 binding sequences were more divergent ( Figure 1H ), with the most common motif among de novo motifs showing similarity to the STAT5 (5.64%), CHR-like (6.13%) and MTF1-like (5.85%) motifs. These results suggest that the binding sites for FL-p53 are mostly similar to the consensus p53 binding sequences, whereas the binding sites for Δ1stTAD-p53 may contain not only consensus p53 binding sequences but also sequences recognized by other transcription factors. However, further verification is required to determine if Δ1stTAD-p53 binds directly to these sequences and transactivates these genes.
| Identification of potential Δ1stTAD-p53 target genes
We next performed microarray gene expression analysis using HCT116 p53 −/− cells, with or without serum deprivation (three independent datasets for each condition), to identify Δ1stTAD-p53-inducible genes. HCT116 p53 +/+ cells without any treatment (three independent datasets) were also included as a sample that is nearly negative for Δ1stTAD-p53 expression. We then analyzed expression of genes selected in Figure 1E to select potential Δ1stTAD-p53 target genes using the following three criteria:
(i) genes bound by Δ1stTAD-p53 (selected in Figure 1E ); (ii) genes that are transcribed in HCT116 p53 −/− cells (genes with expression values greater than 100 in microarray expression analysis); and (iii) genes that are differentially expressed between HCT116 p53 +/+ and −/− cells or genes that are differentially expressed between FBS-deprived HCT116 p53 −/− cells and the same cells without the treatment. Three independent analyses were performed for each condition, and genes with a significant change in expression levels between the samples (P-values less than 0.05) were selected (shown in Table S1 ). Among genes that were bound by both FL-p53 and Δ1stTAD-p53, 62 were significantly increased and 40 were decreased ( Figure 1I ). In contrast, among the genes that were selectively bound by Δ1stTAD-p53, 87 were significantly increased and 63 were decreased ( Figure 1I ). We next analyzed the possible functions of these genes using Ingenuity Pathway Analysis (IPA) software. As shown in Figure S2 Collectively, these results suggest that Δ1stTAD-p53 regulates the expression of genes that are not only shared with FL-p53 but also that are specific for Δ1stTAD-p53 in HCT116 p53 −/− cells.
| PLK2, PTP4A1 and RPS27L are Δ1stTADinducible genes
Among the potential target genes of Δ1stTAD-p53, we focused on three genes, PLK2 (Polo-like kinase-2), PTP4A1 (protein tyrosine phosphatase 4A) and RPS27L (ribosomal protein S27-like). PLK2 and PTP4A1 were selected as genes highly expressed in HCT116 p53 −/− cells, and RPS27L was selected as a gene differentially expressed in HCT116 p53 −/− cells with or without serum starvation ( Figure   S3 ). p53 binding to these genes was also detected in HCT116 p53 +/+ cells, and, therefore, these genes are also potential target genes of FL-p53. All these genes have previously been reported as p53 target genes by other groups. [25] [26] [27] [28] We previously established p53null Saos2 cell lines that stably express a temperature-sensitive (ts) FL-p53 or a ts-Δ1stTAD-p53 by retrovirus-mediated gene transfer. 12 These ts mutants have the ability to bind to p53 binding sequences and transactivate its target genes under permissive temperature, but lose their abilities under non-permissive temperature. We have shown previously that these cells express comparable levels of ts-FL-p53 or ts-Δ1stTAD-p53, and ts-FL-p53 efficiently induces expression of representative p53 target genes following a temperature shift to the permissive temperature or temperature shift plus γ-ray irradiation. 12 We also established a control cell line transduced with empty retrovirus expressing only the drug resistance gene. We performed microarray expression analysis on RNA prepared from cells treated under each condition. As previously reported, we found that PLK2 is induced in cells that express either FL-p53 or Δ1stTAD-p53 ( Figure 2A ). 12 As shown in Figure 2B ,C, we found that PTP4A1 and RPS27L were also induced in both cells. Induction of these genes was only seen under permissive temperature, showing that the induction is dependent on the DNA binding ability of Δ1stTAD-p53. To confirm these results, we ectopically expressed Δ1stTAD-p53 in p53-null H1299 cells ( Figure 2D ). All three genes were efficiently induced by Δ1stTAD-p53, confirming that these genes are, indeed,
| Endogenously expressed Δ1stTAD induces PLK2, PTP4A1 and RPS27L
We next analyzed whether endogenously expressed Δ1stTAD-p53 regulates expression of PLK2, PTP4A1 and/or RPS27L. For this purpose, we compared the expression of PLK2, PTP4A1 and RPS27L mRNA in HCT116 p53 +/+ and −/− cells. As shown in Figure 3A 
| PLK2, PTP4A1 and RPS27L are direct target genes of Δ1stTAD-p53
We next used ChIP-seq and ChIP-chip analysis to examine whether PLK2, PTP4A1 and RPS27L are direct target genes of FL-p53 and/or Δ1stTAD-p53. We analyzed HCT116 p53 −/− cells subjected to FBS deprivation and HCT116 p53 +/+ cells either treated or not treated with 5-FU. As shown in Figure 5A -C, Figure S4 and Table S2, H3K4 tri-methylation surrounded by H3K4 mono-methylation at the PTP4A1 and RPS27L gene promoter regions, indicating that they are actively transcribed in both unstressed and stressed conditions. We also found sequences highly similar to the p53 consensus binding sequences within the p53 binding regions of each gene ( Figure 6B ).
These three genes have previously been identified as p53 target genes, [25] [26] [27] [28] and the p53 binding sequences we identified were the same as previously described for PLK2 and PTP4A1, but different for RPS27L. The p53 binding sequence in RPS27L was previously reported to be 5'-GGGCATGTagtGACTTGCCC-3' (chr15: 61236487-61236506, NCBI36/hg18; sequences shown in upper case match the consensus p53 binding sequence). 27, 28 This sequence overlapped the p53 binding sequence that we identified (chr15: 61236477-61236496). The calculated TRANSFAC match score for the sequence we identified is 0.704, while the score for the previously reported sequence is 0.621.
To further analyze whether the p53 binding sequences are bound and activated by p53, the genomic region containing the sequences were cloned and assayed for Δ1stTAD-p53 responsiveness by luciferase reporter assay. As shown in Figure 6C -E, Δ1stTAD-p53 responsiveness was detected for all three reporter genes. These data collectively show that PLK2, PTP4A1 and RPS27L are direct target genes of both FL-p53 and Δ1stTAD-p53.
F I G U R E 2 PLK2, PTP4A1 and RPS27L
are Δ1stTAD-p53-inducible genes. A-C, Expression of PLK2 (A), PTP4A1 (B) and RPS27L (C) was analyzed by microarray expression analysis. Temperaturesensitive wild-type-expressing, Δ1stTAD-p53-expressing or control Saos2 cells were tested for induction of PLK2, PTP4A1 and RPS27L upon temperature shift to the permissive temperature with or without γ-ray irradiation. Cells were subjected to γ-ray irradiation (30 or 10 Gy) 2 h after temperature shift to 32°C. Cells were collected 5 or 6.5 h post-temperature shift. Relative induction of the genes in three cell lines upon temperature shift is shown. D-G, H1299 cells were infected with adenoviruses expressing control Lac Z or Δ1stTAD-p53 at MOI (multiplicity of infection) 6, and harvested 48 h postinfection. Expression of Δ1stTAD-p53 was analyzed by western blotting (D). PLK2 (E), PTP4A1 (F) and RPS27L (G) mRNA levels were analyzed by quantitative RT-PCR.
| PLK2 and PTP4A1 are induced upon endoplasmic reticulum stress
As shown in Figure 1C , Δ1stTAD-p53 expression was elevated upon ER stress induced by TG treatment. We therefore analyzed whether PLK2, PTP4A1 and RPS27L are induced upon ER stress ( Figure 7A -I). We first analyzed the time course of Δ1stTAD-p53 upregulation upon TG treatment. As shown in Figure 7A ,B, expression of FL-p53 decreased upon TG treatment, while that of Δ1stTAD-p53 increased. Interestingly, upon TG treatment, Δ1stTAD-p53 was phosphorylated at Ser46, a residue reported to be involved in the enhancement of the apoptosisinducing ability of p53. 29, 30 This suggests the possibility that TG treatment leads to Ser46-induced activation of Δ1stTAD-p53 ( Figure 7C ).
We next analyzed the mRNA expression levels of PLK2, PTP4A1 and RPS27L. As shown in Figure 7D ,E, PLK2 and PTP4A1 expression were increased upon TG treatment in both HCT116 p53 +/+ and −/− cells but were increased higher in HCT116 p53 −/− cells. In contrast, expression of RPS27L was not changed significantly upon TG treatment in either HCT116 p53 +/+ or −/− cells ( Figure S5 ). We therefore focused on PLK2 and PTP4A1, and further analyzed whether expression of these genes in HCT116 p53 −/− cells is dependent on Δ1stTAD-p53. We knocked down Δ1stTAD-p53, and as shown in Figure 7F ,I, Δ1stTAD-p53 expression was effectively knocked down by siRNA against p53. Both basal and TG-induced PTP4A1 expression were decreased by Δ1stTAD-p53 knock down ( Figure 7G ). Basal PLK2 expression was also decreased by Δ1stTAD-p53 knock down, but TG-induced PLK2 expression was not significantly affected ( Figure 7H ). Thus, while TG-induced PTP4A1 expression in HCT116 p53 −/− cells is dependent on Δ1stTAD-p53, TGinduced PLK2 expression is not dependent on Δ1stTAD-p53.
| PTP4A1 suppresses endoplasmic reticulum stress-dependent apoptosis
Because we found that PTP4A1 is induced by TG treatment, we next analyzed the function of PTP4A1 upon ER stress. We knocked down Figure 8A,B) . We found that compared to control siRNA-treated cells, PTP4A1 siRNA-treated cells had higher sub-G1 DNA content upon TG treatment ( Figure 8B ). In addition, as shown in Figure 8A ,C, these cells also had higher levels of cleaved PARP and cleaved caspase 3, and contained a higher number of TUNEL-positive cells compared to control cells. Next, we ectopically expressed PTP4A1 by adenovirus-mediated gene transfer. As shown in Figure 8D ,E, overexpression of PTP4A1 resulted in a decrease in the fraction of cells exhibiting sub-G1 DNA content induced by TG treatment. Finally, we analyzed the subcellular localization of PTP4A1 following TG treatment. As shown in Figure 8F , under basal conditions PTP4A1 was localized to the cytoplasmic region, except for the ER, and accumulated in the ER region following TG treatment. These results collectively indicate that PTP4A1 suppresses TG-induced apoptosis by upregulating the unfolded protein response and relocalizes to the ER in response to ER stress, where it potentially exerts some specific function.
| PLK2 induces endoplasmic reticulum stressdependent apoptosis
Although upregulation of PLK2 upon ER stress is not Δ1stTAD-p53dependent, the function of PLK2 in ER stress has not been clarified.
Because we found that PLK2 is also induced by TG treatment, we next analyzed its function in ER stress ( Figure 9A-G) . We knocked down PLK2 by siRNA and analyzed the DNA content of the cells by FACS ( Figure 9A,C) . Compared to control siRNA-treated cells, PLK2 siRNA-treated cells had lower sub-G1 DNA content ( Figure 9C ). Furthermore, we observed fewer TUNEL-positive cells in the PLK2 knocked down cells compared to control cells, as well as less cleaved PARP and cleaved caspase 3 expression ( Figure 9B,D) . We next ectopically expressed PLK2 by adenovirus-mediated gene transfer. As shown in Figure 9E ,F, expression of PLK2 had no effect on TG-induced apoptosis, suggesting the possibility that endogenously F I G U R E 5 PLK2, PTP4A1 and RPS27L are direct target genes of both FL-p53 and Δ1stTAD-p53. A-C, Genomic loci of PLK2 (chr5:57,783,671-57,798,263) (A), PTP4A1 (chr6:64,332,522-64,369,290) (B) and RPS27L (chr15:61,232,500-61,238,300) (C) are shown together with the ChIP-seq results. HCT116 p53 +/+ cells treated with or without fluorouracil (5-FU) and serum-deprived HCT116 p53 −/− cells were used for ChIP-seq analysis. ChIP-seq analyses were performed using antibodies against p53, H3K27ac, H3K4me1 and H3K4me3. The resulting sequences were mapped to the build #36 reference human genome (hg18)
F I G U R E 6
The p53 responsive elements of PLK2, PTP4A1 and RPS27L are bound and activated by Δ1stTAD-p53. A, ChIP assay was performed for the PLK2, PTP4A1 and RPS27L promoters. Saos2 cell lines expressing ts-FL-p53 or ts-Δ1stTAD-p53 were used to analyze p53 binding to the promoters upon temperature shift to the permissive temperature. B, Nucleotide sequences of p53 binding sites together with the consensus p53 binding sequences are shown. Sequences that match the consensus sequences are shown in upper case. TRANSFAC match scores are also calculated. C-E, The p53 binding sequences of PLK2 (C), PTP4A1 (D) and RPS27L (E) were cloned upstream of firefly luciferase reporter gene with a minimal promoter, and a luciferase reporter assay was performed. The experiment was run in triplicate, and data are represented as the mean fold activation ± SD expressed PLK2 is sufficient to induce apoptosis upon TG treatment. Finally, we analyzed the subcellular localization of PLK2 with or without TG treatment. As shown in Figure 9G , PLK2 localized to the cytoplasmic region overlapping the ER region under basal conditions but translocated to the plasma membrane upon TG treatment.
These results collectively indicate that PLK2 enhances TG-induced apoptosis and may have a function at the plasma membrane in response to ER stress. (eg, GATA-1 or STAT-1). 32, 33 Furthermore, by combining the ChIP-seq data and microarray expression analysis data, we identified potential Δ1stTAD-p53 target genes, among which there were three novel Δ1stTAD-p53induced target genes: PLK2, PTP4A1 and RPS27L. Interestingly, two of these genes, PLK2 and PTP4A1, are strongly induced upon ER stress and function to enhance and repress ER stress-induced apoptosis, respectively. Because ablation of PTP4A1 results in enhancement of apoptosis upon ER stress, PTP4A1 may protect cells from stresses. PTP4A1 is a protein tyrosine phosphatase that promotes the growth and migration of tumor cells through unknown mechanisms. 34, 35 PTP4A1 has very low activity in vitro and robust substrates have not been reported and some of the functions of PTP4A1 are probably exerted through protein-protein interaction that does not require the phosphatase activity. 36, 37 Because PTP4A1 localizes to ER upon ER stress, PTP4A1 may act on some protein localized to ER. The precise molecular function of PTP4A1 in ER stress warrants further investigation. In contrast, PLK2 may function to induce apoptosis when cells are severely damaged by various types of stress. Previously, PLK2 has been reported to be a p53 target gene that confers resistance to antimicrotubule agents. 25 However, we have shown that upon ER stress, PLK2 is a pro-apoptotic gene.
| D ISCUSS I ON
We also showed that under basal conditions, PLK2 localizes to the ER. PLK2 has been reported to phosphorylate proteins localized on the ER (Grp94 and calumenin 38 ) and may regulate their functions.
Interestingly, the subcellular localization of both PTP4A1 and PLK2 are altered upon ER stress, possibly because these proteins have a specific function at these sites in response to ER stress.
We confirmed previous reports that expression of Δ1stTAD-p53 is induced following cytotoxic stresses such as nutrient deprivation and ER stress. 11, 14 The fact that Δ1stTAD-p53 as well as its target genes are both regulated by ER stress suggests that the Δ1stTAD-p53 downstream pathway and the ER stress pathway functionally overlap. We found that Δ1stTAD-p53 induces genes that enhance (PLK2) and repress (PTP4A1) ER stress-induced apoptosis. It has been reported that p53 induces both pro-apoptotic genes such as Noxa or Puma and anti-apoptotic genes such as p21 depending on the stress levels the cells have suffered. Δ1stTAD-p53 may also induce different sets of genes to enhance or repress apoptosis according to the stress levels.
Finally, RPS27L was previously shown to function in ribosomal stress. 39 Disruption of the endogenous RPS27L results in activation of p53 through an increase in the binding of Mdm2 to ribosomal proteins and a consequent decrease in p53 degradation. 39 Because Δ1stTAD-p53 lacks the N-terminal Mdm2 binding domain, it is expected that RPS27L should effect only FL-p53 and not Δ1stTAD-p53. RPS27L is itself induced by either FL-p53 or Δ1stTAD-p53, so we might expect that this induction leads to an alteration in the relative abundance of endogenous FL-p53 and Δ1stTAD-p53.
In this paper, we have analyzed three novel Δ1stTAD-p53 target genes. These genes are also targets of FL-p53, and their transcription depends on the 2nd TAD of p53. We also identified several other potential Δ1stTAD-p53-specific target genes involved in cell cycle regulation by the BTG of family proteins and HIPPO signaling. These and other Δ1stTAD-p53-specific target genes should be analyzed next to further elucidate 2nd TAD-specific functions.
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